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ABSTRACT
This study was performed to examine the effects of movement velocity 
and eccentric contractions on the bilateral deficit. To accomplish this, 18 
participants performed bilateral and unilateral contractions eccentrically and 
concentrically across 6 movement velocities (30, 60, 90, 120,150, and 180°/s). 
Repeated measures ANOVA’s revealed that for both eccentric and concentric 
contractions, significant differences existed between bilateral and summed 
unilateral contractions: and at each of the six tested velocities. Further analyses 
revealed that the degree of the bilateral deficit increased as movement velocity 
increased. It is believed that the decreased tension developed during bilateral 
eccentric and concentric contractions, is attributed to incomplete activation of 
fast twitch muscle fibers recruited during unilateral contractions.
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CHAPTER 1 
INTRODUCTION
Human motor activity requires the simultaneous activation of numerous 
motor units at one time. It has been shown that the force exerted during 
maximal bilateral contractions of homologous muscles, is less than the summed 
outputs of the same muscles contracting unilaterally (Henry & Smith, 1961). This 
difference has been termed the bilateral deficit (Vandervoort, Sale & Moroz,
1984; Ohtsuki, 1983). The deficit is thought to be due to an incomplete 
activation of large fast twitch muscle fibers during bilateral contractions (Howard 
& Enoka, 1991; Ohtsuki, 1981, 1983; Vandervoort et al., 1984). This incomplete 
activation of the motor units is believed to be a result of a constraint imposed by 
the central nervous system, or the peripheral neuromuscular system 
(Archontides & Fazey, 1993).
Constraints imposed by the central nervous system are thought to be the 
result of inhibition both within and between the two hemispheres of the brain. To 
provide an explanation for the bilateral deficit, Bremer (as cited in Archontides & 
Fazey, 1993), suggested that the mirror image on the corresponding side of the 
brain receives inhibitory impulses when the opposite side stimulates a maximal
1
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2voluntary contraction. When one hemisphere stimulates a maximal voluntary 
contraction of a skeletal muscle, inhibitory impulses are sent via commissural 
fibers to the other hemisphere inhibiting a contralateral contraction. In a similar 
study to explain the bilateral deficit, Kinsebourne and Hicks (1978) proposed a 
theory of "functional cerebral space." This theory suggests that homologous 
limbs are interconnected in the brain to a greater extent than homolateral and 
diagonally opposite limbs, respectively. Although the functional cerebral space 
model was designed to account for sensorimotor tasks, Archontides and Fazey 
(1993) suggest that it provides a plausible explanation for the inhibition of dual 
force production tasks. As a result of the interconnectedness of homologous 
limbs, the degree of inhibition received by these limbs during maximal voluntary 
contractions is greater than for either of the other limb combinations.
The analysis of contraction type (isometric, concentric and eccentric) may 
help to provide additional information regarding the mechanism(s) responsible 
for the bilateral deficit. It has been suggested that tension developed during 
maximal eccentric contractions increases as a function of the rate of lengthening 
(Komi, 1973). Howard, Ritchie, Gater, Gater and Enoka (1985) theorized that 
the structure responsible for the increase in tension across eccentric movement 
velocities is the parallel elastic component (PEC). During an eccentric 
contraction the muscle is lengthened, which stretches the PEC. The result of 
this stretching is the transference of elastic energy from the PEC to the total work 
performed by the muscle. The result of this energy transfer is a decreased
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3contribution of the contractile element toward the total work performed. The 
decreased contribution by the contractile element can be observed with a 
decrease in EMG activity of the contracting muscles (Gray and Chandler, 1989). 
Researchers analyzing eccentric and concentric contractions have also 
determined that the metabolic requirement of eccentric contractions is 
significantly less than that of concentric contractions (Gray and Chandler, 1989). 
After analyzing the electromyographic activity of the contracting muscles, these 
investigations found that eccentric contractions produce significantly less EMG 
activity than concentric contractions producing the same amount of force. These 
results suggest either a lower level of motor unit activation, or the contribution of 
the PEC during bilateral contractions, because EMG activity is less for eccentric 
contractions than for concentric contractions. The result of this decreased 
reliance on the contractile element during eccentric contractions would suggest 
that the degree of bilateral deficit exhibited during concentric contractions would 
be greater than during eccentric contractions. This would be on the assumption 
that the bilateral deficit is caused by an inability of the central nervous system to 
fully activate the motor units of the contracting muscle.
Constraints imposed by the neuromuscular system offer another viable 
explanation for the decreased force production during bilateral contractions. 
Comparisons of maximal force output between electrically stimulated muscle and 
maximal voluntary contractions revealed higher forces produced during an 
electrically stimulated contraction (Sale, 1988; Strojnik, 1995). This would
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4suggest that full motor unit activation is not achieved during voluntary unilateral 
contractions. Electrical stimulation of actively contracting muscle (twitch 
interpolation) eliciting an increase in force production also showed evidence that 
full motor unit activation is not achieved during voluntary contractions. This 
would support the theory that maximal force is unattainable under volitional 
control, and some peripheral constraint may be limiting force production. During 
bilateral contractions, motor unit recruitment has been shown to be less than that 
achieved during unilateral contractions. This is evidenced by the decreased 
lEMG (integrated electromyography) activity during bilateral contractions of the 
leg extensors (Vandervoort et al., 1984), finger flexors (Ohtuski, 1981), and 
biceps brachii (Oda and Moritani, 1994) when compared to the unilateral 
contractions. However, exceptions (e.g., no decreased activation of motor units) 
were found during bilateral contractions in individuals who trained bilaterally for a 
minimum of one year (Howard and Enoka, 1991; Secher, 1975). It was found 
that lEMG activity for this group of bilaterally trained individuals was not 
significantly different between the bilateral and summed unilateral contractions. 
But force production was found to be greater bilaterally than unilaterally. 
Statement of the Problem
With greater availability of motor driven dynamometers, research involving 
unilateral eccentric contraction has become more abundant. However, 
investigations involving the bilateral deficit have still been limited to concentric 
and isometric contractions, and have not involved bilateral eccentric
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5contractions. One primary reason for the paucity of literature on eccentric 
bilateral contractions may be attributed to the unavailability of equipment 
necessary to examine bilateral eccentric contractions. Use of a Kin-Com™ 
isokinetic dynamometer, in conjunction with an attachment to allow for bilateral 
contractions, would allow the investigation of eccentric force production and the 
effect of changes in movement velocity on the bilateral deficit.
Purpose of the Study
It has been reported that the summed force output of homologous 
muscles contracting unilaterally is greater than the force output when contracting 
bilaterally (Henry and Smith, 1961; Ohtsuki, 1983). These investigations have 
examined the characteristics of concentric and isometric contractions, but have 
not examined the characteristics of bilateral eccentric contractions. Based on 
the results of studies involving unilateral eccentric contractions, one can 
speculate that with a change in eccentric contraction velocity, the difference 
between summed unilateral and bilateral force production will also change. It is 
unknown however, if the same deficit in force production will be found between 
unilateral and bilateral eccentric contractions with different movement velocities. 
Therefore, the purpose of this study was to examine the effect of eccentric 
contractions and changes in movement velocity on the bilateral deficit.
Need for the Study
Although it has been determined from several investigations that muscles 
contracting concentrically and isometrically result in a deficit in force production
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6during bilateral contractions (when compared to the force produced during 
summed unilateral contractions) (Howard and Enoka, 1991; Ohtsuki, 1981, 1983; 
Vandervoort et al,. 1984, 1987), it is unknown whether similar results would be 
found for eccentric contractions (since the degree to which developed tension 
may change during eccentric bilateral contractions has not been determined). It 
is also unknown how the bilateral deficit would be affected by changes in tension 
as a result of changes in contraction velocity during maximal eccentric 
contractions. Although the same investigators have determined that movement 
velocity affects the amount of tension developed during unilateral eccentric 
contractions, no literature has been found for bilateral contractions.
This study will provide additional information regarding the bilateral deficit, 
with possible insights and explanations regarding the mechanisms involved. 
Hypothesis
Gray and Chandler (1989), determined that eccentric unilateral 
contractions have a lower metabolic requirement than concentric unilateral 
contractions. It has also been determined that the maximal force produced 
during eccentric contractions is greater than during concentric contractions 
(Howard, Ritchie, Gater, Gater and Enoka, 1985). Investigators examining 
unilateral eccentric contractions have reported that tension developed during 
eccentric contractions increases as a function of an increasing velocity of muscle 
lengthening (Howard et al., 1985). It is unknown, whether the same 
characteristics of unilateral eccentric contractions (force production and motor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7unit activation) will be found during eccentric bilateral contractions, since it has 
been determined that motor unit recruitment and force production are less for 
bilateral than for unilateral contractions (Ohtsuki, 1983). By comparing the 
eccentric and concentric contraction force characteristics over several movement 
velocities, it is speculated that a difference in maximal force will be found across 
the various speeds, and between the two types of contractions (eccentric and 
concentric). Although eccentric bilateral contractions have not been examined, 
results of bilateral concentric contractions would suggest that bilateral force 
characteristics will differ from that of unilateral contractions, because motor unit 
activation is decreased during bilateral contractions. Therefore, it is 
hypothesized that: (1) as the velocity of muscle lengthening increases, the 
resulting tension developed during bilateral and summed unilateral eccentric 
contractions will increase, and (2) the degree of the bilateral deficit will increase 
as movement velocity increases during eccentric contractions.
Limitations
Maximal force production of most male participants was found to exceed 
the maximal force limits of the recording device during a pilot study. Therefore, 
the present study involved only female participants. In addition, the force 
recorded by the Kin-Com™ was not the actual force produced by the muscle 
during bilateral contractions with a bilateral attachment. However the recorded 
force was found to be reliable across trials and within trials; and if correlated with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8a regression equation (Dickin and Too, in review) (Appendix F), the actual force 
produced can be determined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
LITERATURE REVIEW
The bilateral deficit has been acknowledged as a phenomenon exhibited 
during maximal voluntary bilateral contractions of human skeletal muscle. Henry 
and Smith (1961) reported that summed unilateral force production of 
homologous muscle groups is greater than the force produced by the same 
muscles contracting simultaneously. As a result of Henry and Smith’s (1961) 
study, several investigations have been conducted to determine the cause of the 
decreased force production of bilateral contractions. Bilateral deficit 
investigations have generally focused on; (1) constraints imposed by the central 
nervous system; (2) constraints imposed by the peripheral neuromuscular 
system; (3) the activation level and type of motor unit recruited during bilateral 
contractions; and (4) the types of contractions performed during bilateral deficit 
testing. Contractions performed during bilateral deficit testing have thus far been 
limited to isometric and concentric contractions.
Bilateral Deficit
Henry and Smith (1961) suggested that during bilateral contractions, 
some degree of interference occurs within the central nervous system, inhibiting
9
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the maximal voluntary bilateral force produced by the contracting muscles. They 
found that the dominant hand showed a greater decrement in force production 
than the non-dominant hand, and therefore must receive the majority of the 
interference within the central nervous system during maximal bilateral 
contractions. The disparity between force production characteristics of dominant 
and non-dominant limbs was also reported (for the elbow extensors) by Ohtsuki 
(1983).
Since 1961, numerous investigations have been performed to determine 
the cause, degree and circumstances under which the bilateral deficit is 
expressed. Several studies analyzed the phenomenon using different 
populations (Secher, Rube and Elers, 1988; Howard and Enoka, 1991), and 
various muscle groups (Brown, Whitehurst, Gilbert, Findley and Buchalter, 1994; 
Howard and Enoka, 1991; Ohtsuki, 1981; Vandervoort et al., 1984). From these 
investigations, deficits in force production have been reported, ranging from 
three to twenty-five percent of the summed unilateral maximums. Vandervoort et 
al. (1987) suggested that the varying degrees of deficits can be attributed to the 
varied habitual use of the different limbs. Lower limbs are commonly involved in 
alternating patterns of movement (swing and stance phases of walking, or the 
cyclical pattern involved in cycling), whereas arms are commonly involved in 
bilateral lifting and pushing movements. As a result of the habitual use of the 
limbs, studies involving the arms have produced smaller bilateral deficits than 
those involving the legs. Howard and Enoka (1991), and Secher (1975)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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expanded on the habitual involvement of the limbs; when they demonstrated that 
through prolonged strength training, individuals can ultimately achieve a bilateral 
facilitation (weight lifters and rowers respectively). This is characterized by a 
greater force produced during bilateral contractions than the sum of the same 
muscles contracting unilaterally.
Central Constraints
Investigations have shown that force levels can be maintained for a longer 
period of time bilaterally than unilaterally (Henry and Smith, 1961; Vandervoort et 
al., 1984; Ohtsuki, 1983), suggesting an incomplete activation of fast twitch 
muscle fibers during bilateral contractions. From these studies, it was also 
revealed that significantly more repetitions can be performed during bilateral 
contractions than during unilateral contractions. Investigators have hypothesized 
that the maintenance of a higher level of performance is based on the 
assumption that fast twitch muscle fibers do not attain the same elevated level of 
activation similar to unilateral contractions (Vandervoort et al., 1984). If this is 
the case, then the slow twitch fibers are the primary contributors to the overall 
force production during bilateral contractions.
Two theories have been proposed to explain the decreased activation of 
motor units, and consequently the decreased force produced during bilateral 
contractions. Bremer (as cited in Archontides and Fazey, 1993) proposed a 
theory of Nomotopic Projection to account for the decreased level of activation 
seen during bilateral contractions. When bilateral contractions are performed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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excitatory impulses are sent from one hemisphere to the identical area on the 
opposite hemisphere of the brain. Kinsebourne and Hicks (1978) in a similar 
study involving neural interaction between hemispheres developed the second 
theory called the ‘functional cerebral space model’. Fundamental to this model is 
the idea that the brain is a highly interconnected neural network organized into a 
functional cerebral space. According to the model, areas that are highly 
interconnected are functionally closer than areas of close anatomical proximity.
It has been shown that when a contraction is stimulated by one hemisphere, 
impulses radiate not only to the muscle but to the analogous region on the 
opposite hemisphere (Asanuma and Okuda, 1961). Kinsebourne and Hicks 
(1978) showed that the action of these impulses is dependant upon the nature of 
the pending contraction. They determined that if the contraction was sub- 
maximal, the impulses traveling via transcallosal fibers to the opposite 
hemisphere were facilitory, whereas if a maximal contraction was to be 
performed, inhibitory impulses were sent to the corresponding area on the 
opposite hemisphere. An implication of this finding is that if a maximal voluntary 
contraction is performed, inhibitory impulses may travel to the opposite 
hemisphere which could ultimately inhibit the efferent command traveling to the 
contralateral limb.
The functional cerebral space model later elaborated on the degree of 
interconnectedness of regions of the brain, and created a hierarchy of functional 
limb proximity. The model states that identical areas on opposite hemispheres of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the brain are functionally closer than any other area. Areas that are connected 
within the same hemisphere are the next closest, followed by areas in the same 
hemisphere that are not connected, and lastly unconnected areas in opposite 
hemispheres. When this model is applied to the upper and lower limbs, the 
following is the order from highest to lowest of functional proximity; homologous 
limbs on opposite sides of the body (e.g., right and left arms), homolateral limbs 
on the same side of the body (e.g., left arm and leg), and finally diagonally 
opposite limbs (e.g., right arm and left leg). By applying the functional cerebral 
space model and Bremer’s theory of homotopic projection, one can make 
general predictions with respect to the degree of inhibitory impulses that may 
affect the force produced during maximal contractions of more than one limb at a 
time.
Howard and Enoka (1991) investigated the effects of non-homologous 
muscles contracting simultaneously and maximally on the bilateral deficit. 
Participants from the investigation reported that more cognitive effort was 
required for maximal contraction of the left arm and right leg, than for maximal 
bilateral homologous contractions. Maximal force, however, was not significantly 
different when the same muscles contracted unilaterally. From these findings 
Howard and Enoka (1991) stated that the bilateral deficit is a specific effect 
rather than a general effect, requiring the simultaneous activation of homologous 
muscles. Archontides and Fazey (as cited in Archontides and Fazey 1993) 
expanded on the findings of Howard and Enoka's (1991) study, with a series of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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experiments to test the predictions of the functional cerebral space model. They 
used the extensors of the elbows and the knees, in combinations of homologous, 
ipsilateral and contralateral contraction combinations. For each joint, baseline 
measurements recorded during maximal unilateral contractions were compared 
with the force produced during each of the homologous, ipsilateral and 
contralateral contraction conditions. Homologous contractions produced deficits 
of 13.5 -19.0%, ipsilateral contractions of knee and elbow extensors produced 
deficits of 3 -13%, while contractions of diagonally paired extensors elicited no 
deficit in force production. These findings from Archontides and Fazey (as cited 
in Archontides and Fazey, 1993), and Howard and Enoka (1991) have provided 
substantial support for the functional cerebral space model.
In an attempt to determine the cause of the bilateral deficit, Howard and 
Enoka (1991) applied electromyostimulation to the right leg extensors (of three 
different groups of participants; untrained, cyclists, and weight lifters), while 
maximal voluntarily contraction were performed with the left leg extensors. They 
theorized that if only the left leg was required to contract voluntarily (while the 
right leg was contracted by electromyostimulation), no inhibitory impulses would 
originate from the left side of the brain (since the left brain is not stimulating a 
contraction). The result of the absence of inhibitory impulses from the left brain 
is an amplification (due to the afferent signal of the right leg) of the efferent 
signal stimulating the voluntary contraction of the left leg. They further reported 
that regardless of the magnitude of bilateral deficit seen during voluntary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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contractions, increments in force were always seen during electrical stimulation 
of the non-contracting right leg. The authors suggested that the facilitation can 
be explained using the theory of neural integration. They theorized that the 
facilitation of force seen in the left leg was a result of the efferent command for 
the left leg extensors interacting with the facilitory feedback from the right leg (as 
a result of the electromyostimulation of the right leg). Two sources of facilitation 
were proposed by the authors: (1) the orthodromic (impulses traveling along a 
nerve in the correct direction) propagation of directly initiated sensory action 
potentials and (2) the activation of peripheral sensory receptors. The result of 
the neural interaction at the spinal cord is a flood of afferent feedback to the 
spinal cord, which presumably interacts with the efferent command traveling to 
the left leg. The interaction of the afferent feedback from the right leg and the 
efferent command to the left leg produced an enhanced efferent signal traveling 
to the left leg. Howard and Enoka (1991) reported that without the amplification 
of the efferent signal (caused by the electromyostimulation of the right leg) during 
voluntary bilateral contractions, decrements in force were produced when 
compared to unilateral contractions produced without electromyostimulation. 
Implications of these findings suggest that the bilateral deficit may result from the 
absence of facilitory feedback caused by the elecromyostimulation of the right 
leg, interacting with the efferent signal traveling to the left leg during voluntary 
contractions. More specifically, the bilateral deficit may be the result of inhibitory 
impulses interacting between the two hemispheres.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Peripheral Constraints
In addition to the constraints imposed by the central nervous system, 
researchers have suggested that the neuromuscular system may also limit ones' 
ability to produce maximal force bilaterally. In regards to maximal voluntary force 
production, the primary question is whether humans are able to fully activate all 
of the motor units in the contracting muscle. Two methods, commonly used to 
determine if full activation has been attained, are direct supramaximal tetanic 
stimulation of the contracting muscle and twitch interpolation. Supramaximal 
stimulation investigations have included muscles of the hand (Bigland-Ritchie, 
Johansson, Lippold, Smith and Woods, 1983), and the triceps surrae (Dietz, 
Schmidtbleicher and Noth, 1979). Results from these studies have shown that 
voluntary contractions do achieve full motor-unit recruitment of the contracting 
muscle. Other investigations have since reported that larger muscle groups 
(e.g., quadriceps) never achieve full voluntary motor unit activation (Strojnik, 
1995; Sale, 1988), suggesting that the central nervous system may be able to 
stimulate the motor units of the smaller muscle groups, but not fully activate all of 
the motor units in the larger muscle groups.
The second method of determining muscle activation level is twitch 
interpolation. This involves the application of a single electrical stimulus on the 
skin overlying the nerve innervating the selected muscle. If full activation of all 
motor units is not achieved under volitional control, the result of the stimulation 
will be an increase in force production. This technique has been administered to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the adductor pollicis (Merton, 1954), dorsi and plantar flexors of the ankle 
(Belanger and McComas, 1981), and the quadriceps femoris (Chapman, 
Edwards, Grieg and Ratherford, 1984). Because no increment in force was 
observed during the application of electrical stimulation in these investigations, it 
is believed that intramuscular factors inhibiting the full activation of the motor 
units may be the cause of non-maximal force production. However, the exact 
mechanism responsible however, is unknown.
On the other hand, Strojnik (1995) reported that increments in force were 
always produced when a new method of interpolated submaximal electrical 
stimulation has been applied to an isometrically contracting quadriceps muscles. 
Equivocation in the literature exists between the two different methods of 
electrical stimulation used (twitch interpolation and interpolated submaximal 
electrical stimulation) as well as the results of the two methods. The first method 
used the standard technique of twitch interpolation, while a second method 
involved a step isometric contraction (maximal voluntary contraction which is 
attained instantaneously), combined with the simultaneous electrical stimulation 
of the contracting muscle. However, regardless of the method selected, results 
would indicate that voluntary contractions do not achieve full activation of all of 
the motor units in the contracting muscle. This would suggest that incomplete 
motor unit activation is a function of the central nervous system’s inability to 
maximally stimulate the involved motor units.
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Motor Unit Recruitment
During a voluntary contraction, motor units are recruited in a specific order 
based on their relative size, and muscle fiber type. Henneman and Olsen (1965) 
demonstrated that small motor units are recruited prior to large motor units, and 
that slow twitch units are recruited before fast twitch units. However, Sale (1988) 
found that the recruitment order described by Henneman and Olsen (1965), may 
not be applicable to maximal ballistic contractions, since during maximal ballistic 
contractions all motor units may fire simultaneously, rather than in the 
progression suggested by Henneman and Olson (1965). Regardless of which 
theory of motor unit recruitment is supported, uncertainty still exists regarding 
which motor units remain inactivated during maximal voluntary contractions 
(when compared to a supramaximal contraction during electromyostimulation).
Most studies, undertaken to determine which motor units are recruited, 
have theorized that large fast twitch muscle fibers fail to reach full tetanus 
(Strojnik, 1995; Vandervoort et al., 1984 and 1987). Although all motor units 
become active during submaximal contractions, some fast twitch motor units do 
not reach tetanus until 80% of maximal voluntary contraction is achieved (De 
Luca, LeFever, McCue and Xenakis, 1982), because full activation of the fast 
twitch fibers can only be achieved through increased rate coding of the impulses 
acting on the fast twitch fibers (De Luca et al., 1982). Strojnik (1994) showed the 
effect of increased rate coding on fast twitch activity by applying a train of 
superimposed electrical stimulations during a maximal voluntary contraction.
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When the impulses were applied, the recorded torque was greater than the 
torque produced during maximal voluntary contractions. When the amplitude 
was increased further, a plateau occurred, illustrating that absolute torque can 
be achieved with the intervention of direct electromyostimulation. Strass and 
Strojnik (as cited in Strojnik, 1995) stated that the inability to achieve full motor 
unit activation is equally applicable to both the general population and athletes 
(Howard and Enoka, 1991; Secher, 1975). Even highly trained jumpers were 
reported to have an activation deficit. However, the magnitude of the activation 
deficit was found to be less for trained jumpers (5%) than for untrained 
participants (20.9%). This would suggest that the level of activation can be 
increased over time with strength training, but the activation deficit might never 
be eliminated.
In an attempt to apply the size principle of Henneman and Olsen (1964) to 
the bilateral deficit, Vandervoort et al. (1984) performed two experiments to 
determine which motor units remained unrecruited during bilateral contractions. 
The first experiment examined the differences between peak torque for 
contraction velocities ranging from 0 to 4247s, unilaterally and bilaterally. 
Increases in contraction velocity resulted in an increase in the magnitude of the 
bilateral deficit. This would suggest that as movement velocity increased the 
activation level of fast twitch motor unit recruitment decreased. The second 
experiment demonstrated that fast twitch motor units are recruited to a lesser 
extent during bilateral contractions than during unilateral contractions.
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Participants for this experiment were required to perform 100 maximal 
contractions and were reported to require significantly more bilateral contractions 
to achieve the same level of fatigue attained with unilateral contractions. The 
differing fatigue and torque characteristics reported would suggest that fast 
twitch muscle fibers remained less active (or reach tetanus) during bilateral 
contractions than during unilateral contractions.
Contraction Type
The type of contraction performed during bilateral deficit testing may 
provide additional information regarding the characteristics or trends in the 
bilateral deficit. The majority of research involving bilateral contractions have 
focused primarily on the characteristics of isometric and concentric contractions 
(Howard and Enoka, 1991; Oda and Moritani, 1994). Maximal eccentric 
contractions were not examined prior to the use of motor driven isokinetic 
dynamometers. Forces recorded during maximal eccentric contractions were 
determined to be greater than that of concentric or isometric contractions. The 
disparity between eccentric and concentric forces were reported to increase as 
the velocity of movement increased. The greater eccentric force recorded is 
believed to be attributed to the contribution of the parallel elastic component 
(PEC) in conjunction with the additional force required to break the actin and 
myosin cross-bridges. Although maximal eccentric contractions have received 
increased attention with the use of isokinetic dynamometers, no studies thus far 
have examined the characteristics of bilateral eccentric contractions.
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CHAPTER 3
METHODS
Eighteen female students from Kinesiology courses at UNLV volunteered 
to participate in this study. Their average age, height and weight were 23.5 
years (SD = 3.28), 168.4 cm (SD = 5.87), and 65.1 kg (SD = 15.2), respectively. 
All participants were naive in regard to the theoretical nature of the study and 
had no prior experience with isokinetic contractions. Participants with a pre­
existing knee injury that could limit their ability to produce maximal eccentric 
force were excluded. Prior to data collection all participants signed a university 
approved consent form (Appendix A).
Apparatus
The apparatus utilized for data collection was a Kin-Com™ 125 E Plus 
isokinetic dynamometer (Kin-Com™) with version 5.10 software. Attached to the 
Kin-Com™ load cell was a bilateral attachment (Appendix F) designed to 
facilitate the recording of all bilateral and unilateral contractions. Dickin and Too 
(in review) determined that the bilateral attachment was both valid and reliable 
along its entire length (Appendix F). The attachment consisted of a hollow steel 
tube (48.5 cm X 5 cm X 5 cm), welded on one end to a 5 cm steel cube.
21
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Padding of the attachment was achieved with 5 cm low density foam encased 
within a double layer of 1 cm high density foam. A standard Kin-Com™ 
Evaluation Protocol was used. Initial force parameters for lever arm movement 
were: 150 N to initiate lever arm movement fonward; 50 N to maintain lever arm 
movement throughout the contraction; and 75 N to initiate lever arm movement 
backwards. The maximal Kin-Com™ recorded force was set at 2000 N. Mitre™ 
soccer shin pads were used to minimize the pressure on the participants leg. To 
accommodate the various leg lengths of the participants, adjustments were 
made to the Kin-Com™ lever arm length and seat height. These adjustments 
were needed for the Kin-Com™ software to correct the recorded force values for 
gravity.
Test Set-up
After height and weight measurements were obtained (Appendix B), 
participants were seated on the Kin-Com™, and the seat height was adjusted so 
that the lateral femoral condyle of the participants knee corresponded to the level 
of the axis of rotation of the Kin-Com™ lever arm. All participants were strapped 
to the seat at the thighs, chest, and waist. A warm-up period consisting of five 
submaximal bilateral contractions at each of two movement velocities (80 
followed by 140 °/sec) was performed by each participant. These movement 
velocities were chosen to familiarize each participant to a range of contraction 
speeds without exposing them to the tested velocities.
During the test session each participant performed one set of three
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maximal isokinetic contractions for all combinations of movement velocity (30,
60, 90, 120,150, and 1807sec), and contraction condition (unilateral left, 
unilateral right, and bilateral knee extension). This resulted in a total of eighteen 
sets of three contractions (Appendix B). Participants were given a rest period of 
approximately one minute between each set of three contractions. Each set of 
three contractions at one movement velocity comprised a trial. Contraction 
condition and movement velocity were randomized across all trials (Appendix C).
The maximal force output from the unilateral right and left knee extensions 
were aggregated to obtain a summed unilateral value for each movement 
velocity. Summed unilateral values were compared to bilateral force outputs at 
each movement velocity.
Experimental Design
The experimental design for force production was a 2 x 6 within-subjects 
design. The independent variables of interest were contraction condition and 
contraction velocity. The dependent measure of interest was maximal eccentric 
force.




Mean maximal eccentric force data were analyzed using a 2 (contraction 
condition) x 6 (contraction velocity) analysis of variance (ANOVA) with repeated 
measures on both factors. Significance level was set at the p < .05 level. Figure 
1 summarizes the data for the two contraction conditions and the six movement 
velocities tested during eccentric contractions, and the percent bilateral deficit for 
each movement velocity is presented in Table 1. The main effect for the 
eccentric contraction condition (collapsed across velocities) was significant F,, as) 
= 101.99 (p = 0.0001). The Kin-Com™ recorded force means for bilateral and 
summed unilateral eccentric contractions (collapsed across velocities) were 
1340.43 N (SD = 355.66) and 1687.78 N (SD = 350.23), respectively. The main 
effect for contraction velocity (collapsed across contraction conditions) was 
significant F^ as) = 3.94 (p = 0.0029). The Kin-Com™ recorded force means for 
contraction velocity (of the combined unilateral and bilateral forces) were 
1417.17 (SD = 405.15), 1444.81 (SD = 395.29), 1478.33 (SD = 325.79), 1463.17
24
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(SD = 311.72), 1629.00 (SD = 322.89), and 1652.14 N (SD = 294.40), for speeds 
30, 60, 90, 120, 150, and 180°/sec, respectively (Table 2). Post-hoc testing 
using Least Significant Differences showed that the Kin-Com™ recorded force 
values for the contraction velocities at 150 and 180°/sec were significantly 
greater than those at the slower velocities. The Contraction Condition x 
Contraction Velocity was not significant (F,; as) = 1 36, p = 0.25).


























Figure 1: Bilateral and summed unilateral mean values for eccentric leg extensor 
tension across movement velocities
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Table 1: Descriptive statistics for differences between bilateral and summed 
unilateral force production for eccentric and concentric contractions
Percent bilateral deficit across movement velocities
Contraction Eccentric Concentric
























% deficit 25 33
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Table 2: Descriptive statistics for eccentric and concentric force production at 
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Concetitcic D ata  Analysis
Additional analyses, using concentric force data, were undertaken to 
compare results obtained with the bilateral attachment to those of other bilateral 
deficit tests reported in the literature (e.g., Ohtsuki, 1983; Vandervoort et al., 
1984, 1987). Mean maximal concentric force data were analyzed using a 2 
(contraction condition) x 6 (contraction velocity) analysis of variance (ANOVA) 
with repeated measures on both factors. Significance was set at the p < .05 
level. Figure 2 summarizes the data for the two contraction conditions and the 
six movement velocities tested during concentric contractions, and the percent 
bilateral deficit for each movement velocity is presented in Table 1. The main 
effect for the concentric contraction condition (collapsed across velocities) was 
significant F(, gs) = 107.76 (p = 0.0001). The Kin-Com™ recorded force means 
for the bilateral and summed unilateral concentric contractions were 1044.21 N 
(SD = 286.60) and 1312.56 N (SD = 217.84), respectively. The main effect for 
contraction velocity (collapsed across contraction conditions) was significant F^
8 5 , = 3.97 (p = 0.0028). The Kin-Com™ recorded force means for contraction 
velocity (of the combined unilateral and bilateral forces) were 1134.95 (SD = 
247.18), 1169.17 (SD = 294.53), 1192.25 (SD = 235.29), 1160.61 (SD = 256.32), 
1222.42 (SD = 196.74), and 1329.5 N (SD = 242.99), for speeds 30, 60, 90, 120, 
150, and 180°/sec, respectively (Table 2). Post-hoc testing using Least 
Significant Differences determined that the Kin-Com™ recorded force values for
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the contraction velocity at 180°/sec was significantly greater than at the slower 
velocities. The Contraction Condition x Contraction Velocity was significant (F^
8 5 ) = 6.57, p = 0.0001). Table 3 shows that paired t-tests at each movement 
velocity determined that significant differences existed between bilateral and 
summed unilateral force production for each of the six movement velocities (t = 
3.17, 2.69, 2.85, 7.05, 7.33, 7.71, for 30, 60, 90, 120, 150, and 1807s, 
respectively: p < .05). Table 4 shows an overview of eccentric and concentric 
results for bilateral and summed unilateral contractions at each of the six 
movement velocities tested.


























30 60 90 120
Movement velocity (°/s)
150 180
Figure 2: Bilateral and summed unilateral mean values for concentric leg extensor 
force production across movement velocities
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Table 3: Paired t-test analysis
t (t value) 
p (probability oft)
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Table 4: Descriptive statistics for bilateral and summed unilateral recorded force 
data for eccentric and concentric contractions with changes in movement velocity








M 1277.17 1557.17 1026.22 1243.67
SD 407.30 403.00 254.21 240.15
60
M 1287.33 1602.28 1093.83 1244.50
SD 402.50 388.11 353.80 235.26
90
M 1316.50 1640.17 1098.78 1285.72
SD 339.30 312.32 290.11 180.47
120
M 1327.17 1599.17 980.11 1341.11
SD 381.10 242.37 287.72 224.92
150
M 1422.67 1835.33 997.06 1447.78
SD 287.10 358.71 247.42 146.06
180
M 1411.72 1892.56 1069.28 1589.72
SD 324.10 264.69 292.51 193.47
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CHAPTER 5 
DISCUSSION
Although the purpose of this study was to determine whether or not 
varying velocities of eccentric knee extensor contractions would affect force 
production and the bilateral deficit, concentric contractions were also examined 
to compare present findings to other bilateral deficit studies. Results indicate 
that force production for both eccentric and concentric contractions changed in 
response to changes in movement velocity. The results also revealed that an 
increment in velocity of maximal eccentric and concentric contractions resulted in 
an increased bilateral deficit.
Studies analyzing the bilateral deficit (concentrically and isometrically) 
have reported deficits ranging from 3 to 25% of the summed unilateral 
maximums (Archontides & Fazey, 1993; Henry & Smith, 1961; Ohtsuki, 1981, 
1983). However, the bilateral deficits in this investigation ranged from 12 to 33%  
of the summed unilateral concentric maximum recorded force (Table 1). 
Concentrically, the bilateral deficit exhibited for the slowest three, and fastest 
three movement velocities averaged 14.67 and 30.33%, respectively. The 
deficits determined for the fastest three speeds were greater than those reported
34
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in the literature and may be partially attributed to the protocol used in this 
investigation, because eccentric and concentric bilateral contractions were used 
instead of concentric and isometric contractions reported in the literature 
(Howard & Enoka, 1991; Oda & Moritani, 1994; Vandervoort et al., 1984, 1987). 
Because eccentric contractions were performed before the concentric 
contractions (for two of the three concentric contractions), an increase in motor 
unit activation during bilateral and unilateral contractions, contribution of the 
stretch shortening cycle, and/or the stretch reflex, may have increased the 
amount of stored elastic energy transferred to the subsequent concentric 
contraction. Although the effect and contribution of these mechanisms on the 
bilateral deficit is unknown, it is speculated that the stretch shortening cycle and 
stretch reflex may not contribute equally to the total force production during 
bilateral contractions when compared to unilateral contractions. The possible 
disproportionate contribution of these two mechanisms to unilateral and bilateral 
recorded force can be observed in Figure 2, where the unilaterally recorded force 
increased at a greater rate than the bilateral force. This would suggest that 
bilateral contractions may experience a reduced level of one or both of the two 
mechanisms as the velocity of movement increased.
Significant differences found between summed unilateral and 
simultaneous bilateral force production (across movement velocities and at each 
velocity) both concentrically and eccentrically may be attributed to: (1) bilateral
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leg movements being less common than unilateral patterns (seen in walking or 
cycling): (2) an inability of the central nervous system to achieve maximal 
activation of the contracting muscles' motor units, due to dispersion of the neural 
activity to both legs during bilateral contractions: and/or (3) inhibitory impulses 
traveling to the contralateral hemisphere of the brain when either or both 
hemispheres are involved in maximal voluntary contractions.
Eccentric Contractions
Greater tension produced eccentrically at the higher movement velocities 
(150°/s and 1807s), may be attributed to: (1) the lengthening of the elastic 
component of the contracting muscle, (2) the forcible separation of the contractile 
elements (actin and myosin cross-bridges), and/or (3) the stretch reflex. When 
skeletal muscles are forced to lengthen as its motor units are maximally 
activated, the tension produced is greater than those of concentric or isometric 
contractions (Komi, 1973). It has been reported that the increased tension is 
attributed to the forcible separation of the actin and myosin cross-bridges of the 
lengthening muscle, and the lengthening of the Parallel Elastic Component 
(PEC) (Sale, 1988); which can be supported by studies examining the EMG 
activity of contracting muscles (Komi, 1973). Komi (1986) reported that an 
eccentric contraction with a specified force, requires significantly less motor unit 
activation than a concentric contraction to produce the same force. The 
decreased EMG activity in an eccentric contraction suggests that the contribution 
of the muscle elastic components to the total tension will decrease the tension
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required by the contractile elements to maintain a specified force. The third 
possible cause for the increased force of an eccentric contraction is the 
contribution of the stretch reflex. Although researchers have suggested that the 
stretch reflex may only contribute to a small portion of the total force (Bührie, 
Schmidtbleicher, and Ressel cited in Komi, 1986; Dietz, Schmidtbleicher, & Noth, 
1979), its effects would still need to be considered. Because the EMG activity of 
the contracting muscles was not examined, there is only speculation regarding 
the contribution of the stretch reflex to the total force.
In this study it was determined that the bilateral deficit increased as 
movement velocity increased during eccentric contractions, suggesting a 
decreased activation of fast twitch motor units in the contracting muscle.
Because it is known that eccentric tension involves passive (PEC) and active 
(contractile elements) structures, it was expected that the bilateral deficit would 
increase as movement velocity increased. The increased bilateral deficit was 
expected, because the PEC is not controlled by the central nervous system and, 
theoretically, the amount of tension developed by the PEC should not differ for 
unilateral or bilateral eccentric contractions at any one movement velocity. 
Therefore, any decreases in tension should be caused by a decrease in 
contractile element activity or the absence of the stretch reflex. This is based on 
the assumption that the contractile elements still contributed substantially to the 
total force production during eccentric contractions (as in concentric and 
isometric contractions).
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Concentric Contractions
Significant differences were found in concentric force production at 180°/s 
when compared to the five slower velocities. These differences in concentric 
force output may be accounted for by the stretch shortening cycle and/or the 
stretch reflex. It has been reported that as the velocity of movement increases, 
the stretch shortening cycle has a greater contribution to the total force produced 
(Komi, 1986). With an increased movement velocity, a greater proportion of the 
stored elastic energy from the eccentric contraction may be used during the 
concentric contraction when compared to the slower velocities (Rack &
Westbury, 1974). It has also been reported that increasing the amount of 
negative work performed prior to a concentric contraction will result in an 
enhanced concentric force production (Asmussen & Bonde-Petersen, 1974:
Komi, 1973). Thus, as movement velocity is increased, the amount of work 
performed during the eccentric contractions is also increased (as reflected by the 
increased force recorded with increased movement velocity). On the assumption 
that motor unit activation does not decline, it is reasonable to assume that the 
greater the transfer of stored energy (with an increased velocity of movement), 
the greater will be the concentric force produced. From this experiment, the 
recorded summed unilateral concentric force increased with each increment in 
movement velocity (with a significant increase between 150 and 1807s). This 
would suggest that there was a greater contribution of the stretch shortening 
cycle to the total force with increasing movement velocity.
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The increase in concentric force recorded (with increased movement 
velocity) may also be attributed to contributions by the stretch reflex. The stretch 
reflex is initiated when the muscle spindles are rapidly stretched, actively or 
passively. When the spindles are stimulated with a rapid stretch, impulses sent 
by afferent fibers, synapse with efferent motor neurons in the spinal cord, which 
return to the motor end plate of the muscle stretched, to cause a contraction 
(increase the level of motor unit activation in the contracting muscle) to relieve 
the stretch (Fox, Bowers, & Foss, 1989). EMG data of the contracting muscles 
would provide information regarding the contribution of the stretch reflex to the 
recorded eccentric force production.
Future Directions
From this investigation it was determined that eccentric contractions result 
in a deficit in bilateral force production, with the deficit increasing as the velocity 
of lengthening increased. It has been suggested that incomplete activation of 
fast twitch muscle fibers is the primary cause for the bilateral deficit during 
concentric and isometric contractions (Ohtsuki, 1983; Vandervoort et al., 1984).
If the bilateral deficit exhibited during eccentric contraction in this study is caused 
by the incomplete activation of fast twitch muscle fibers, the EMG activity of 
bilateral eccentric contractions would be expected to decrease when compared 
to the EMG activity of unilateral contractions. However, because EMG data was 
not obtained, the actual cause of the eccentric bilateral deficit is unknown. To 
provide information regarding the activation level of fast twitch muscle fibers.
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EMG analyses would need to be performed on bilateral and unilateral 
contractions across a range of movement velocities. Force data combined with 
EMG activity of the contracting muscles would also help provide information 
regarding the cause of the increase in force production during eccentric 
contractions. If the recorded tension produced, occurs with an increase in EMG 
activity, it may be the result of the stretch reflex; If EMG activity does not 
increase with an increase in recorded tension, the increase in tension may be 
attributed to the contribution of the stretched PEC. Concentric EMG activity 
data, would also provide information regarding the factors contributing to the 
increased force production with increased movement velocities (following an 
eccentric contraction). If the increase in the recorded force occurs with an 
increase in EMG activity, it may be attributed to the contribution of the stretch 
reflex; whereas if EMG activity does not increase, the increased force may be 
the result of the stretch shortening cycle.
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CHAPTER 6
CONCLUSIONS
the purpose of this study was to examine the effect of eccentric 
contractions and changes in movement velocity on the bilateral deficit. The 
results of this investigation revealed significant differences in force production 
between bilateral and unilateral force at all six movement velocities tested (30, 
60, 9 0 ,1 20 ,15 0 , and 180°/s). Data analyses of concentric and eccentric data 
revealed similar trends in force recorded by the Kin-Com™ with changes in 
movement velocity. Because it was determined that increments in movement 
velocity also resulted in an increased bilateral deficit during eccentric 
contractions, this would suggest that the bilateral deficit is attributed to an 
incomplete activation of fast twitch muscle fibers regardless of the contraction 
(isometric, concentric or eccentric). In general, the results of this investigation 
are consistent with those of other bilateral deficit studies. Increases in 
movement velocity results in an increased force for both concentric and eccentric 
contractions. The increased force for the eccentric contractions can be 
explained by the increased contribution of the PEC to the total tension and to the 
additional energy needed to separate the actin and myosin cross bridges of a
41
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contracting muscle. On the other hand, the increased concentric force recorded, 
may be attributed to the preceding eccentric contraction immediately followed by 
a concentric contraction (e.g., to the resulting contribution of the stretch 
shortening cycle and/or the stretch reflex).
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CONSENT FOR RESEARCH PARTICIPATION 
UNIVERSITY OF NEVADA-LAS VEGAS
TITLE OF THE STUDY
Effects of movement velocity on the bilateral deficit during force production.
PURPOSE
You are being asked to participate in a research study. From this study we hope to learn 
how force production is affected at the knee joint through various velocities of movement, 
during unilateral and bilateral contractions.
SUBJECTS
Female volunteers from UNLV who are presently active, but who are not currently in a 
heavy strength training program, and who have no known prior knee injuries that would 
inhibit their ability to produce maximal force with either or both legs. Females will be 
chosen for this study due to the force limits of the Kin-Com machine, which were often 
exceeded by males during a pilot project.
PROCEDURES
If you decide to participate in the following study, the following will be required of you:
1. One laboratory visit, which will last approximately 1 hour. You will need to wear a 
t-shirt, athletic shorts and shoes. The test session will be scheduled at a mutually 
agreed upon time.
2. The laboratory session will start with Age, Height, Weight, Total leg length and 
upper and lower leg length measurements taken.
3. You will then be seated in a Kin-Com Isokinetic Dynamometer which will be 
adjusted to fit you properly based on the leg measurements taken at the beginning 
of the study. Once adjusted you will be required to perform a series of knee 
extensions at various movement velocities in a combination of bilateral (both legs 
at one time) and unilateral (each leg individually) contractions.
7. Still photographs may be taken of you during the testing for research purposes. If
you are selected, the pictures will ONLY be taken if you agree to having them used 
in research presentations and publications, with the understanding that you may be 
recognized.
RISKS
1. Some localized muscle fatigue and soreness may be experienced toward the end 
of the test session.
2. Delayed localized muscle soreness may be experienced in the following few days. 
BENEFITS
1. This study will help to explain how the human body controls unilateral and bilateral
contractions.
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CONFIDENTIALITY
Your participation in, and the results from the study will remain confidential. No parties or 
individual(s) other than those directly related with the collection and analysis of the data will 
have access to your file. If the data is presented at a scientific conference or reported in 
a scientific journal, you will be referred to as a subject identification number and not by your 
name. However, with your consent, if still pictures are taken of you during the testing 
session and used in a presentation or publication, you may be identified.
RIGHT TO REFUSE OR WITHDRAW
Participation on your part is entirely voluntary and you retain the right to withdraw or refuse 
to participate at any time. However, in the event of extreme difficulties in scheduling or 
failing to appear for a scheduled appointment without notifying the tester may result in your 
termination from the study.
QUESTIONS
If you have any questions regarding the study, please ask. I can be contacted at the 
following number:
Clark Dickin 895-4494
Or you can contact the Office of Sponsored Programs, at 895-1357 (for questions about 
the rights of research subjects)
For rescheduling or cancellation
Call the Biomechanics Research Laboratory at: 895-4494
You will be given a signed and dated copy of this form to keep
MY SIGNATURE BELOW INDICATES THAT I HAVE DECIDED TO VOLUNTEER AS A 
RESEARCH SUBJECT AND THAT I HAVE READ THE INFORMATION PROVIDED 
ABOVE.
Date Name of participant(print) Signature
Date Name of witness(print) Signature
* If chosen, do you consent to having your picture taken and used in a presentation or 
publication. (Check one of the two) YES , NO .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UNiy
i l  V t  f< S I  T V O I  V A I  ) A  I A s  A l t ,  A S
46
DATE: February 2, 1996
TO: Clark Dickin (KIN)
M/S: 3034
FROM: , Dr. Lawrence Golding
l^airman, Biomedical Committee of the 
Institutional Review Board
RE: Status of Human Subject Protocol entitled:
"Effects of Movement Velocity on Bilateral
Deficit During Force Production"
OSP #352s0395-502 (Rev. 1)
This memorandum is official notification that the protocol for 
the project referenced above has been approved by the Biomedical 
Committee of the Institutional Review Board. This approval is 
approved for a period of one year from the date of this 
notification, and work on the project may proceed. At the end of 
the year, you must notify this office if the project will be 
continued.
Should the use of human subjects described in this protocol 
continue beyond a year from the date of this notification, it 
will be necessary to request an extension.
If you have any questions or require any assistance, please give 
us a call.
cc: Dr. Danny too (KIN-3 034)
OSP File
Office of Sponsored Programs 
4505 Maryland Parkway •  Box 451037 •  Las Vegas, Nevada 89154-1037 
(702) 895-1357 •  FAX (702) 895-4242
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The effect of movement velocity of eccentric contractions on the bilateral deficit
Name; Subject # ____  File ID
Birth date (mm/dd/yr)________ Age Weight.
Height (cm)
Lever Arm Length Gravity Correction (N)
Stop Angle Start Angle
Contraction Sequence #
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Tnal
Subject 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 s3/c1 s5/c2 Sl/c3 s2/c2 s4/c1 s6/c3 s2/c3 s4/c2 s3/c2 sS/c1 s3/c3 S6/C2 S6/C1 S4/C3 S2/C1 S5/C3 s l/c l S1/C2
2 s l/c l s2/c2 s5/c2 S6/C1 S4/C3 S1/C3 s2/cl s5/c3 s3/c3 S5/C1 S4/C1 S4/C2 s6/c3 sl/c2 s6/c2 s2/c3 s3/c1 S3/C2
3 s4/c2 s6/c2 S4/C3 s6/c1 S1/C3 S3/C2 s6/c3 s2/c2 s3/c1 S3/C3 S5/C1 S1/C2 s l/c l s5/c2 s5/c3 S4/Cl S2/C3 S2/C1
4 s1/c3 s5/c2 sS/c3 S4/C2 s l/c l S3/C2 s6/c1 s6/c2 s4/c1 s2/c3 S3/C1 S4/C3 s3/c3 s2/c2 s2/c1 S1/C2 s6/c3 s5/c1
5 s3/c3 s6/c2 s2/c2 S2/C1 sS/c3 S4/C2 s6/c1 c2/c3 S4/C1 S1/C3 s5/c2 S4/C3 s3/c2 s l/c l s6/c3 s5/c1 S1/C2 S3/C1
6 s2/c1 s1/c3 S6/C1 s5/c3 s3/c2 S4/C1 s4/c2 s6/c3 s3/c1 S4/C3 S5/C2 s3/c3 s6/c2 S1/C1 s2/c2 S5/C1 S2/C3 S1/C2
7 s3/c2 s6/c2 s4/c3 S3/C1 s3/c3 S4/C2 s2/c3 Sl/c2 sS/cl S2/C2 S4/C1 s5/c2 s1/c3 S2/C1 s5/c3 s6/c1 S6/C3 s l/c l
8 s4/c2 s5/c3 s l/c l S6/C3 s3/c2 s1/c2 S4/C3 s3/c1 s3/c3 s6/c2 S4/Cl S5/C2 Sl/c3 S6/C1 s2/c3 S2/C1 sS/cl s2/c2
9 s5/c1 s2/c3 Sl/c2 S6/C3 S4/C3 s6/c2 s l/c l s3/c2 s2/c2 sS/c3 53/C3 sB/cl s5/c2 s3/c1 S4/C2 s2/c1 S4/C1 S1/C3
10 s6/c1 s4/c3 s5/c1 s2/c2 s6/c3 S4/C2 s2/c1 s3/c3 s l/c l s6/c2 s5/c3 S3/C2 s4/c1 s2/c3 s1/c2 S3/C1 S5/C2 S1/C3
11 s3/c2 s5/c1 s4/c2 s3/c3 s6/c1 S1/C3 s6/c3 s4/c1 s1/c2 s5/c3 s l/c l S2/C2 s4/c3 s5/c2 S2/C1 s6/c2 S3/C1 S2/C3
12 s6/c3 s3/cl s2/c3 sS/c2 s3/c3 s5/c3 s5/c1 s2/c2 s6/c2 s l/c l S4/C3 s3/c2 s6/c1 S4/Cl S1/C2 s2/c1 S4/C2 S1/C3
13 s l/c l s2/c3 sS/c2 S3/C3 S4/C2 sS/c3 s8/c3 s2/c1 s3/c2 S4/C1 S4/C3 S6/C1 s1/c2 s5/c1 s1/c3 S3/C1 s6/c2 s2/c2
14 s4/c3 s6/c2 S2/C1 S3/C2 sS/c3 s4/c2 s3/c3 s5/c2 S4/Cl s1/c3 s6/c1 S1/C2 s2/c3 s3/c1 s6/c3 sS/cl S2/C2 s l/c l
15 s2/c1 s4/c1 sS/c3 s2/c2 s6/c3 s3/c2 S4/C3 s l/c l s6/c2 S4/Cl s2/c3 S1/C3 s3/c1 S1/C2 sG/cl s3/c3 S5/C2 S5/C1
16 s3/c3 s4/c2 s6/c1 S4/C3 s2/c1 s5/c3 s6/c2 53/CI s2/c2 s6/c3 sS/cl S1/C2 s2/c3 S4/C1 s5/c2 s l/c l S3/C2 S1/C3
17 s6/c3 s4/cl s5/c2 S2/C3 s6/c2 s5/c3 s l/c l S2/C2 S5/Cl s3/c2 S1/C3 S4/C2 s4/c3 Sl/c2 S3/C1 s6/c1 S3/C3 S2/C1
18 s4/c2 s6/c1 sS/cl S4/C3 S1/C2 s5/c2 s4/c1 s5/c3 s3/c2 S2/C1 S6/C3 s l/c l s3/c3 s6/c2 Sl/c3 s3/c1 s2/c2 S2/C3
Legend
s = movement speed (1-6 = 30, 60, 90, 120,150,180)
c = contraction condition (1 =  unilateral right; 2 =  unilateral left; 3 =  bilateral)
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Analysis Variable : ECCENTRIC FORCE
------------ SPEED=1 C0NTRAC=1-----------
N Obs N Mean Std Dev
18 18 1277.17 407.3016298
------------ SPEED=1 C0NTRAC=2-----------
N Obs N Mean Std Dev
18 18 1557.17 403.0037586
------------ SPEED=2 C0NTRAC=1-----------
N Obs N Mean Std Dev
18 18 1287.33 402.4618360
SPEED=2 C0NTRAC=2
N Obs N Mean Std Dev
18 18 1602.28 388.1132045
------------ SPEED=3 C0NTRAC=1-----------
N Obs N Mean Std Dev
18 18 1316.50 339.2599645
    SPEED=3 C0NTRAC=2 ----------
N Obs N Mean Std Dev
18 18 1640.17 312.3168169
 ........ SPEED=4 C0NTRAC=1-----------
N Obs N Mean Std Dev
18 18 1327.17 381.0666531





18 18 1599.17 242.3682784
N Obs N Mean Std Dev
18 18 1422.67 287.0619937
N Obs N Mean Std Dev
18 18 1835.33 358.7128952
N Obs N Mean Std Dev
18 18 1411.72 324.0981706
N Obs N Mean Std Dev
18 18 1892.56 264.6892123










1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2 3 4 5 6
1 2 Number of observations in data set = 216
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Dependent Variable : Y
Sum of Mean
Source DP Squares Square P Value Pr > F
Model 215 33174941.76 154302.05
Error 0
Corrected Total 215 33174941.76
R -Square C.V. Root MSE Y Mean
1 .000000 0 0 1514.10185
Source DP Anova SS Mean Square P Value Pr > P
SUBJ 17 11826173.59 695657.27
SPEED 5 1811807.81 362361.56
CONTRAC 1 6515278.69 6515278.69
SPEED*CONTRAC 5 305178.59 61035.72
SUBJ*CONTRAC 17 1085939.81 63878.81
SUBJ*SPEED 85 7820028 .35 92000.33
SUBJ*SPEED* CONTRAC 85 3810534.91 44829.82
Tests of Hypotheses using tht Anova MS for SUBJ*SPEED as an error term
Source DP Anova SS Mean Square P Value Pr > P
SPEED 5 1811807.815 362361.563 3.94 0.0029
Tests of Hypotheses using the Anova MS for SUBJ*CONTRAC as an error term
Source DP Anova SS Mean Square P Value Pr > F
CONTRAC 1 6515278.685 6515278.685 101.99 0.0001
Tests of Hypotheses using the Anova MS for SUBJ*SPEED* CONTRAC as an error term
Source DP Anova SS Mean Square P Value Pr > F
SPEED*CONTRAC 5 305178.5926 61035.7185 1.36 0.2470
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Analysis of Variance Procedure
T tests (LSD) for variable: Y
NOTE: This test controls the type I comparisonwise error rate not 
the experimentwise error rate.
Alpha= 0.05 df= 85 MSE= 92000.33 
Critical Value of T= 1.99 
Least Significant Differences 142.15
Means with the same letter are not significantly different.
T Grouping Mean N SPEED
A  1652.14 36 6
A
A  1629.00 36 5
B 1478.33 36 3
B
B 1463.17 36 4
B
B 1444.81 36 2
B
B 1417.17 36 1
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Eccentric-Dependent T-tests 
Analysis Variable : Bilateral deficit 
30° /s
N Obs N Mean Std Dev Std Error





N Obs N Mean Std Dev Std Error




N Obs N Mean Std Dev Std Error




N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 272.0000000 342.3773288 80.6991103 3.3705452 0.0036
150°/s
N Obs N Mean Std Dev Std Error




N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 480.8333333 310.8130230 73.2593321 6.5634414 0.0001
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Analysis Variable : CONCENTRIC FORCE
N Obs N Mean Std Dev






18 18 1243 .57 240.1521576
N Obs N Mean Std Dev
18 18 1093.83 353.7959282
N Obs N Mean Std Dev
18 18 1244.50 235.2638694
N Obs N Mean Std Dev
18 18 1098.78 290 .1090171
N Obs N Mean Std Dev
18 18 1285.72 180.4650220
N Obs N Mean Std Dev
18 18 980.1111111 287 .7237010
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N Obs N Mean Std Dev
18 18 1341.11 224 . 9190414
N Obs N Mean Std Dev
18 18 997.06 247.4183103
N Obs N Mean Std Dev
18 18 1447.78 146.0614518
N Obs N Mean Std Dev
18 18 1069.28 292 . 5089854
N Obs N Mean Std Dev
18 18 1589.72 193.4658521
Analysis of Variance Procedure 
Class Level Information 
Class Levels Values
SUBJ 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
SPEED 6 1 2  3 4 5 6
CONTRAC 2 1 2
Number of observations in data set = 216
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Analysis of Variance Procedure
























































Mean Square F Value Pr > F
using the Anova MS for 
DF Anova SS
5 865945.9815
using the Anova MS for 
DF Anova SS
1 5342411.574










SUBJ*SPEED as an error term
Mean Square F Value Pr > F
173189.1963 3.97 0.0028
SUBJ*CONTRAC as an error term
Mean Square F Value Pr > F
5342411.574 107.76 0.0001
SUBJ*SPEED*CONTRAC as an error term 
Mean Square F Value Pr > F
208194.141 6.57 0.0001
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Analysis of Variance Procedure
T tests (LSD) for variable: Y
NOTE: This test controls the type I comparisonwise error rate not 
the experimentwise error rate.
Alpha: 0.05 df= 85 MSE= 43616.73 
Critical Value of T= 1.99 
Least Significant Difference: 97.874
Means with the same letter are not significantly different.
T Grouping Mean N SPEED
A 1329.50 36 6
B 1222.42 36 5
B
B 1192.25 36 3
B
B 1169.17 36 2
B
B 1160.61 36 4
B
B 1134.94 36 1
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Concentric-Dependent T-tests
Analysis Variable : Bilateral deficit
30° /s
N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 217.4444444 291.3452010 68.6707224 3.1664796 0.0056
60°/a
N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 150.6666667 237.2541452 55.9213383 2.6942607 0.0154
90° /a
N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 186.9444444 278.2972326 65.5952868 2.8499676 0.0111
120°/a
N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 361.0000000 217.2954075 51.2170187 7.0484384 0.0001
150° /a
N Obs N Mean Std Dev Std Error T Prob> | T |
18 18 450.7222222 261.0433377 61.5285048 7.3254213 0.0001
la o V a
N Obs N Mean Std Dev Std Error T Prob>|T|
18 18 520.4444444 286.3811163 67.5006765 7.7102108 0.0001
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Validation of a bilateral attachment designed for a Kin-Com 
isokinetic dynamometer
D. Clark Dickin & Danny Too 
College of Human Performance 
University of Nevada, Las Vegas 
Las Vegas, NV 89154
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Abstract
The purpose of this investigation was to design, validate and test the reliability of 
a new attachment using a Kin-Com isokinetic dynamometer. The attachment 
was a 48.5 cm hollow steel tube, welded to a 5 cm solid steel cube, which was 
connected to the Kin-Com load cell and used in four experiments to test its 
validity and reliability. From the experiments it was found that the Kin-Com could 
produce reliable recordings of the force applied to the new attachment. Three 
independent masses (35, 59 & 85 kg), were tested individually at 10 cm intervals 
along the entire length of the attachment, no significant differences were found 
for any of the three masses, at any distance. Another experiment revealed that 
the preset movement time of the Kin-Com lever arm with the attachment and a 
suspended mass was both valid and reliable through 60° of rotational 
displacement, at 30°/s, 60°/s, and 75°/s. Significant differences were found 
between Kin-Com output values and 15 actual mass combinations suspended 
from the attachment (p < 0.05), and a correlation of r = 0.990 (p = 0.0001) was 
also found for the same 15 mass combinations. From the correlation, a 
regression equation was formulated and corrections were made that would allow 
accurate and valid measurements to be recorded on the Kin-Com using the 
attachment.
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Introduction.
Isokinetic contractions have been employed to test muscle function by 
several researchers (1,3,5,6). It is through the work of these researchers that 
reliability measures have been established for machines designed to 
isokinetically test muscle function. However, isokinetic machines (e.g., Kin-Com, 
Cybex, Biodex), limited to testing unilateral contractions cannot be used to 
examine muscle function during bilateral contractions and movements. Research 
involving isokinetic bilateral contractions is limited and could provide information 
into the cause of bilateral deficit. Therefore, it is the purpose of this investigation 
to design an attachment for bilateral testing, and to determine its reliability and 
validity using an isokinetic dynamometer.
Methods 
Equipment.
The validation and reliability measures of an attachment designed for 
bilateral muscle testing, was examined with a Kinetic Communicator (Kin-Com) 
125E Plus isokinetic dynamometer. The attachment consisted of a hollow steel 
tube (48.5 cm X 5 cm X 5 cm), with a 5-cm steel cube welded to one end. The 
cube was machined to fit onto the dynamometer load cell in the same manner as 
factory designed Kin-Com attachments. From the center of the load cell, 
reference marks were made at 10 cm intervals along the attachment (Figure 1), 
and used for suspension of the masses(s). Several independent masses were 
used in the study, with actual masses measured with a force transducer from
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Transducer incorporated attached to a Toledo 8140 electronic scale.
Test Protocol.
Four experiments were used to determine the validity and reliability of the 
bilateral attachment. In Experiment-1 (Exp-1), the Kin-Com evaluation protocol 
for the different test conditions, consisted of an isometric set up option with the 
following parameters; 35 cm lever-arm length, 46 N gravity correction factor, 0 N 
minimum force limit, 2000 N maximum force limit, and 180° lever arm angle 
(parallel to the floor) (Figure 2). Two different masses (35 & 59 kg) were 
separately tested over two sets of four trials. A trial consisted of one mass 
suspended at each of five distances (10,20,30,40,50 cm) from the load cell, with 
the resulting Kin-Com values recorded. The test sequence of the five distances 
for each trial was randomly determined. After each set of four trials, the Kin-Com 
computer was reset, and re-configured with the same initial parameters (same 
lever arm angles, gravity correction and same force limits) for the second set of 
four trials . After measurements were obtained for one mass, the experimental 
protocol was repeated for the second mass.
In experiment-2 (Exp-2), the same Kin-Com evaluation protocol and 
parameters of Exp-1 were used to test two equal masses of 42.5 Kg. The 
masses were placed at two different distances from the load cell (combinations 
of distances were 10/30, 10/40, 10/50, 20/40 & 30/50 cm) (Figure 3). These 
distances were selected to test locations where subjects will apply force during 
bilateral testing (when padding is eventually mounted on the bilateral
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attachment). Two sets of four trials were used, with the Kin-Com reset and 
reconfigured after the first set of four trials. The test sequence for the five 
distances was randomly determined for all trials, and the results were recorded.
Experiment (Exp-3), was used to determine the validity and reliability of 
the Kin-Com lever arm at three velocities (30, 60, and 75°/sec), with a 22.5 kg 
mass suspended at the middle of the bilateral attachment. Lever arm velocity 
was examined over 60° of angular displacement (from horizontal to 60° below 
horizontal). Magnetic sensors, positioned to record the 60° of lever arm 
displacement were used to determine movement time. The sensors were 
interfaced with a Noraxon Myosystem 2000 EMG system, sampling at 2000 Hz. 
Two trials were used, with the computer reset between trials. A  trial consisted of 
three speeds (30, 60, 75°/sec) tested, with and against gravity through the 60° 
of movement. The sequence for the speeds tested in each trial was randomly 
determined. A total of four time measurements (two with, and two against 
gravity), were obtained for each speed.
Experiment four (Exp-4) was designed to examine the relationship 
between the actual mass suspended on the bilateral attachment and the output 
recorded by the Kin-Com Isokinetic dynamometer. This experiment consisted of 
15 mass combinations suspended from the middle of the bilateral attachment in 
a randomized sequence and their outputs recorded.
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Statistical analysis.
For Exp-1 and Exp-2, repeated measures ANOVA’s were used to 
determine if significant differences in Kin-Com recorded force existed (p< 0.05) 
between the various distances from the load cell. For Exp-3, a paired T-test was 
performed, to determine if the preset movement time was significantly different (p 
< 0.05) from the recorded movement time for each of the three speeds. For Exp- 
4, a paired T-test was used to determine if the actual load applied to the load 
cell, differed from the Kin-Com recorded load for the 15 different mass 
combinations. A zero-order correlation was used to determine the relationship 
between the Kin-Com recorded load and the actual load applied. Statistical 
significance was determined at the p < 0.05 level, for both the T  test and the 
zero-order correlation.
Results.
From Exp-1, a mean output value of 442.2 ± 17.6 N, and 751.5 ± 28.7 N, 
was found for the 35 Kg and 59 Kg mass respectively (Table Ig&b)- No significant 
differences were found with a repeated measures AN OVA for: (1) the 35 Kg 
mass with different distances from the load cell (F<4 ,5 , = 1.00, p = 0.4373) or 
between the two sets of four trials (F(, = 0.07, p = 0.7947), and (2) the 59 Kg
mass with different distances from the load cell (F ( 4  g^, = 2.41, p = 0.0948), or 
between the two sets of four trials (F(i ig, = 0.02, p = 0.8774).
In Exp-2, the mean output value was determined to be 993.6 ± 32.0 N for 
the various distance combinations, with 20/40 cm and 10/40 cm representing the
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lowest (969.3 N) and highest (1004.3 N) recorded values, respectively (Table 2). 
No significant differences were found in recorded loads with a repeated 
measures ANOVA, between the various distances (F4  =1.67, p = 0.2084) or 
between the two sets of four trials at each distance (F^  , 5  = 2.92, p = 0.1079).
From Exp-3, with paired T-tests, no significant differences were found 
between the preset movement time and the recorded movement time (Table 3) 
over 60° of angular displacement for 30°/s (T = -1.112, p = 0.346); 607s (T =
0.389, p = 0.723); or 75°/s (T = -0.003, p = 0.998).
From Exp-4, with a paired T-test significant differences were found 
between the actual load and the recorded Kin-Com load cell output values (T = - 
7.407, p = 0.0001) (Table 4). To provide a correction factor for the differences 
between the actual force applied to the lever arm and the recorded load, a 
regression equation was determined from a zero-order correlation of the Kin- 
Com output values with the 15 different masses. The regression equation is y = - 
91.55 + 1.378(x). A correlation of r = 0.990 (p = 0.0001) was found with 15 
different mass combinations (varying from 35 to 95 Kg). This would suggest a 
positive relationship between the mass applied to the load cell, and the recorded 
output from the Kin-Com.
Discussion.
From Exp-1 and Exp-2, recorded force values for the bilateral attachment, 
were determined to be reliable along the length of the attachment for loads of 3 5  
to 85 kg (Table Igb, and Table 2). It was also determined that no significant
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difference existed between trials for any of the distances. This would suggest 
that reliable measurements can be obtained repeatedly at any of the five 
distances on the attachment.
Movement velocity of isokinetic dynamometers has been reported to be 
valid and reliable by several researchers (1,2,3). Moffroid and co-workers (5), 
tested the movement velocity reliability of a Cybex isokinetic device over 180° of 
movement using a 30-pound weight placed 1.5 feet from the axis of rotation. In 
their analysis, comparisons were made through the 180° of movement between 
the set velocity and the measured velocity. A correlation coefficient of 0.985 was 
found using 34 angle movement markers. Mawdsley & Knapic (4), tested the 
reliability of a Cybex II isokinetic dynamometer using weights of 50 and 75 
pounds. A correlation coefficient of 0.993 was obtained with a movement velocity 
of 30°/s. In this investigation a bilateral attachment was used to test the Kin-Com 
movement velocity with a 22.5 Kg mass angularly displaced 60° at 30, 60 and 
75°/s. The time values obtained were not significantly different from those of the 
Kin-Com pre-set values. Therefore, it can be concluded that the Kin-Com’s lever 
arm velocity with the bilateral attachment is both valid and reliable for the three 
speeds tested.
Exp-4 revealed a significant difference between the actual load applied 
and the Kin-Com recorded load. These differences could be attributed to: (I) a 
greater mass contribution of the bilateral attachment when compared with the 
original Kin-Com attachments, and (II) a possible greater torque applied to the
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load cell due to the increased bilateral attachment lever arm length. Although a 
gravity correction factor has been incorporated into the Kin-Com software, and 
two of the six strain gauges on the Kin-Com load cell were designed to negate 
non-tangential forces, this did not appear to completely account for the 
differences in load, and a residual force difference between actual load and 
measured load still existed. However, valid measurements can still be obtained if 
a regression equation is used in conjunction with the recorded output values. It 
should be noted that the regression equation is only valid from 35 to 95 kg.
Based on the results of this investigation, it was concluded that, (I) reliable 
force measurements can be obtained with an attachment designed for bilateral 
muscle testing: (H) valid measurements of applied force can be obtained when 
the recorded output is corrected with a regression equation; and (III) isokinetic 
force measurements with the bilateral attachment can be obtained without 
affecting Kin-Com lever arm movement velocity.
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Table 1a: Summary data for Exp-1 with a 35 Kg mass
Distance (cm) Mean (N) SD (N)
1 0 425.8 16.9
2 0 441.0 15.4
30 448.7 1 1 . 8
40 443.7 15.2
50 451.8 19.0
All Distances 442.2 17.6
Table 1b: Summary data for Exp-1 with a 59 Kg mass
Distance (cm) Mean (N) SD (N)
1 0 736.8 29.0
2 0 748.7 28.3
30 756.2 31.9
40 755.6 33.3
50 760.0 2 0 . 8
All Distances 751.5 28.7
Table 2: Summary dal a for Exp-2 with two 42.5 Kg masses
Distance 
Combinations (cm)
Mean (N) SD (N)
10/30 1 0 0 1 . 8 34.4
10/40 1004.3 30.5
10/50 1 0 0 0 . 6 30.5
20/40 969.3 34.2
30/50 991.8 23.4
All distances 993.6 32.0
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30 up 2 0 0 0 2016.2 -16.2
30 down 2 0 0 0 1983.4 16.6
30 up 2 0 0 0 2014.3 -14.3
30 down 2 0 0 0 1986.2 13.8
60 up 1 0 0 0 1 0 0 2 . 8 -2 . 8
60 down 1 0 0 0 991.5 8.5
60 up 1 0 0 0 1003.8 -3.8
60 down 1 0 0 0 997.5 2.5
75 up 800 832.9 -32.9
75 down 800 796.1 3.9
75 up 800 816.7 -16.7
75 down 800 794.8 5.2
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Table 4: Exp-4 data for 15 masses suspended from the bilateral attachment
Actual Mass (N) Kin-Com Output (N) Actual (-) Output (N) Percent
difference
343.4 389 -45.6 0 . 8 8
421.8 484 -62.1 0.87
431.6 519 -87.4 0.83
470.9 564 -93.1 0.83
510.1 614 -103.9 0.83
549.4 654 -104.6 0.84
578.8 699 - 1 2 0 . 2 0.83
608.2 714 -105.8 0.85
627.8 780 -152.2 0.80
681.8 894 -2 1 2 . 2 0.76
721.0 906 -185.0 0.80
760.3 936 -175.7 0.81
838.8 974 -135.2 0 . 8 6
892.7 1199 -306.3 0.74
932.0 1214 -282.1 0.77
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EXPERIMENT 1: STATISTICS 
DATA ANALYSIS FOR 35 (kg) MASS
Analysis Variable :KIN-COM RECORDED FORCE 
-----------------------------B=1--------------
N Obs Mean Std Dev Std Error
20 20 433.5500000 36.5951895 8.1829331
N Obs N Mean Std Dev Std Error
20 20 435.5000000 14 .0394182 3 .1393093




TRIAL 4 1 2  3 4
A 5 1 2 3 4 5
B 2 1 2
Number of observations in data set = 40
Analysis of Variance Procedure
Dependent Variable : SCORE
Sum of Mean
Source OF Squares Square F Value Pr > F
Model 39 29227.97500 749.43526
Error 0
Corrected Total 3 9 29227.97500
R-Square C.V. Root MSE SCORE Mean
1.000000 0 0 434 . 525000
Source DF Anova SS Mean Square F Value Pr > F
A 4 4090.60000 1022.65000
B 1 38.02500 38 . 02500
TRIAL(A) 15 15318.87500 1021.25833
A*B 4 1654.10000 413.52500
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TRIAL*B(A) 15 8126.37500 541.75833
Tests of Hypotheses using the Anova MS for TRIAL(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
A 4 4090.600000 1022.650000 1.00 0.4373
Tests of Hypotheses using the Anova MS for TRIAL*B(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B 1 38.025000 38.025000 0.07 0.7947
A*B 4 1654.100000 413.525000 0.76 0.5653
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DATA ANALYSIS FOR 59 (kg) MASS
Analysis Variable :KIN-COM RECORDED FORCE
------------------------------------------ B=1--------------------------
N Obs N Mean Std Dev Std Error
20 20 752.5000000 28.6769667 6.4123647
N Obs N Mean Std Dev Std Error
20 20 750.5000000 29.4645193 6.5884668







1 2  3 4
A 5 1 2 3 4 5
B 2 1 2
Number of observations in data set = 41
Analysis of Variance Procedure
Dependent Variable: SCORE
Sum of Mean
Source DF Squares Square
Model 39 32160.00000 824 .61538
Error 0
Corrected Total 3 9 32160.00000
R-Square C.V. Root MSE
1.000000 0 0
Source DF Anova SS Mean Square
A 4 2666 .25000 666.56250
B 1 40.00000 40.00000
TRIAL(A) 15 4143 .75000 276.25000
A*B 4 941.25000 235.31250
TRIAL*B(A) 15 24368 .75000 1624.58333
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Tests of Hypotheses using the Anova MS for TRIAL(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
A 4 2666.250000 666.562500 2.41 0.0948
Tests of Hypotheses using the Anova MS for TRIAL*B(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B 1 40.0000000 40.0000000 0.02 0.8774
A*B 4 941.2500000 235.3125000 0.14 0.9625
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EXPERIMENT 2: STATISTICS 
DATA ANALYSIS FOR 85 (kg) MASS
Analysis Variable : KIN-COM RECORDED FORCE
--------------------------------------------------------------B=1--------------------------------------
N Obs N Mean Std Dev Std Error
20 20 985.2500000 37.1155734 8 .2992945
N Obs N Mean Std Dev Std Error
20 20 1002.25 24.3048078 5.4347203
Analysis of Variance Procedure 
Class Level Information
Class Levels Values
TRIAL 4 1 2  3 4
A 5 1 2 3 4 5
B 2 1 2
Number of observations in data set = 4 0
Analysis of Variance Procedure
Dependent Variable: SCORE
Sum of Mean
Source DF Squares Square F Value Pr > F
Model 39 40287 .50000 1033 .01282
Error 0
Corrected Total 39 40287.50000
R-Square C.V. Root MSE SCORE Mean
1.000000 0 0 993 . 750000
Source DF Anova SS Mean Square F Value Pr > F
A 4 6350 .00000 1587.50000
B 1 2890.00000 2890.00000
TRIAL(A) 15 14237.50000 949.16667
A*B 4 1985.00000 496.25000
TRIAL*B (A) 15 14825 .00000 988.33333
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Tests of Hypotheses using the Anova MS for TRIAL(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
A 4 6350.000000 1587.500000 1.67 0.2084
Tests of Hypotheses using the Anova MS for TRIAL*B(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B 1 2890.000000 2890.000000 2.92 0.1079
A*B 4 1985.000000 496.250000 0.50 0.7348
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EXPERIMENT 3 : STATISTICS
TIME = 800 (ms)
Analysis Variable : DIFF
86
N Obs N Mean Std Dev
4 4 -10.1250000 18.1978708
Std Error T Prob>|T|
9.0989354 -1.1127675 0.3469




810.1250000 18.1978708 9.0989354 0.0001
TIME = 1000 (ms)
Analysis Variable : DIFF
N Obs N Mean Std Dev Std Error
4 4 1.1000000 5.6550862 2.8275431
T Prob>|T| 
0.3890303 0.7232




998.90 5.6550862 2.8275431 0.0001
TIME = 2000 (ms)
Analysis Variable : DIFF










N Obs Variable N Mean Std Dev Std Error Prob>|T|
4 PRESET 
RECORD
2 0 0 0 .0 0
2000.03 17.6345069 8.8172534 0.0001
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2 'VAR' Variables: X = Actual mass (N)
Y = Recorded mass (N)
Simple Statistics 


































































Ad j R- sq
0.9809 
0.9795








T for HO: 









0 . 0 2 0 0
0.0001
Dep Var Predict
Obs Y Value Residual
1 389.0 381.7 7.2871
2 484.0 489.9 -5.8861
3 519.0 503.4 15.5923
4 564.0 557.5 6.5057
5 614.0 611.6 2.4192
6 654.0 665.7 -11.6674
7 699.0 706.2 -7.2323
8 714.0 746.8 -32.7973
9 780.0 773.8 6.1595
10 894.0 848.2 45 . 7904
11 906.0 902.3 3.7039
12 936.0 956.4 -20.3827
13 974.0 1064.6 -90.5559
14 1199.0 1138.9 60.0751
15 1214.0 1193.0 20.9885
Sum of Residuals 1.705303E-13
Sum of Squared Residuals 16456.9155
Predicted Resid SS (Press) 23823.3612
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